PURPOSE: To determine the frequency and causes for limitations in the radiographic evaluation of surgically treated long bone fractures. MATERIALS AND METHODS: Six readers separately scored 140 sets of antero-posterior (AP) and lateral radiographs of surgically treated long bone fractures, using a radiographic union score (RUS). We determined the rate of assessability of the fracture edges at each of the four cortical segments (n=560) seen tangentially on the two radiographs and the causes for non-assessability. The rate of feasibility of the RUS (more than two fracture edges assessable per fracture) was determined and compared according to different parameters. RESULTS: Fracture edges were visible in 71% to 81% of the 560 cortical segments. Metal hardware superimposition was the most frequent cause for non-assessability (79-95%). RUS values could be calculated in 58% to 75% of fractures. Scoring was statistically significantly less frequently calculable in plated (31-56%) than in na... 
Introduction
Musculoskeletal trauma represents an important global health burden with approximately six million fractures each year in the United States [1] . As many as 10% of these may be complicated by non-union with a subsequent increase in medical costs and productivity loss [2] . The evaluation of fracture healing is mainly based on clinical and radiographic findings, both presenting some limitations [3, 4] . Clinical evaluation remains a subjective process [5] [6] [7] and limitations in the radiographic evaluation have also been demonstrated [5, 6, 8, 9] , while plain X-ray remains the examination of choice for bone fracture assessment [10] . Despite the added value of scoring systems for the overall evaluation of radiographs [11] [12] [13] [14] [15] [16] [17] , radiologists and orthopaedic surgeons frequently hesitate when assessing fracture edges on radiographs [4, 5] . Although there is general agreement on the fact that radiographs are limited by overlapping metal hardware [5, 6, 8] , we are not aware of any study attempting to determine the parameters that limit the contribution of the radiographs and the consequences in feasibility of radiographic scoring systems [11] [12] [13] [14] [15] [16] [17] . The current study aimed at defining the frequency and causes for limitations in the quantitative radiographic evaluation of surgically treated long bone fractures.
Methods and materials

Study population
We selected a series of patients aged from 18 to 65 years with a surgically treated long bone fracture by searching in our picture archiving and communication systems (PACS) (Carestream Client version 11.3; Carestream Health, Rochester, NY, USA) using the keywords ''arm'', ''forearm'', ''thigh'' and ''leg'' among examination performed during a 2-year period. The search yielded a series of 613 sets of radiographs. A last-year radiology resident (VP) and a musculoskeletal radiologist with 20 years of experience (BVB) reviewed all radiographs to select patients with a surgically treated diaphyseal fracture and to exclude patients with one of the following exclusion criteria, including lack of surgically treated fracture, pathological fracture, preexisting metallic hardware or allograft in fractured bone segment, signs of infection or of delayed-union, or missing radiographs. The study population consisted of 118 patients including 76 men and 42 women (mean age: 41.3 ± 13.3 [SD] years; range: 18-65 years). There were 140 fractures (19 humeri, 19 radius, 17 ulnas, 26 femurs, 42 tibias and 17 fibulas). Thirteen patients had radial and ulnar fractures and 9 patients had tibial and fibular fractures. There were 63 nailed fractures (8 humeri, 1 ulna, 21 femurs, 31 tibias, 2 fibulas) and 77 plated fractures (11 humeri, 19 radius, 16 ulnas, 5 femurs, 11 tibias, 15 fibulas). For each of the 140 fractures, a data manager of our department selected one radiographic set among all available sets for each fracture to obtain an equivalent number of radiographic sets obtained at different time delays after the fractures for each type of bone. Time categories were defined as follows: between 0 and three weeks after fracture, between three weeks and three months after fracture, between three and six months after fracture and more than six months after fracture. The 140 sets of radiographs had been obtained at a mean delay of 114 days after fracture (standard deviation: 93 days; range 10-340 days).
Image analysis
Analysis of the radiographs was performed by six readers including three radiologists (a last-year resident [VP] and two musculoskeletal radiologists with three [AL] and 20 [BVB] years of experience) and three surgeons (a lastyear resident [TS] , and two orthopedists with five [DP] and 24 [JED] years of experience). All readers blinded to clinical findings separately analyzed each set of radiographs on a PACS workstation. Readers were asked to grade each of the four cortical edges of the fracture at which the Xray beam was tangent as visible or not on the radiographs. When the fracture edges were visible, cortical scoring was Table 1 Frequency of assessability and of non-assessability of the 560 fracture edges on the 140 radiographic sets for three radiologists (R1, R2, R3) and three orthopedic surgeons (O1, O2, O3). Frequency of causes for non-assessability of cortical fracture segments are given for each reader.
Frequency of
Causes for non-assessability Results are raw data followed by percentages in parentheses. R1: last-year resident in radiology; R2: MSK radiologist with three years of experience; R3: MSK radiologist with 20 years of experience; O1: last-year resident in orthopedic surgery; O2 orthopedic surgeon with five years of experience; O3: orthopedic surgeon with 24 years of experience. The four cortical segments of the fracture to which the X-ray beam was tangent (arrows) were assessable and could be scored by all readers. The RUS score could be calculated.
performed as described below. When the fracture edges were not visible, the reader selected at least one of the following potential causes: (a) superimposed metal hardware, (b) superimposed adjacent bone (leg and fore -arm), (c) another reason such as blurring of the radiograph or inadequate exposure. Non-assessability of the cortex due to superimposed metal hardware, or bone were defined respectively by the lack of visibility of the cortical bone to which the X-ray beam was tangent due to superimposed metal, or another bone. The readers were allowed to select metal hardware and cortical bone when these two causes were simultaneously present. A cortical score from 1 to 4 was given to each cortical segment of the fracture site to which the X-ray beam was tangent according to the scoring system of Litrenta et al.: score 1: lack of callus; score 2: non-bridging callus; score 3: bridging callus; score 4: remodelled bridging callus [16] . For each fracture, the radiographic union score (RUS) value was calculated by adding the four cortical scores. Missing data were calculated as the mean of the available data. The RUS was considered to be feasible when at least three of the four cortical scores could be assessed. The score was considered to be non-reliable and therefore not calculated when less than three cortical score could be assessed.
Statistical analysis
The rate of assessability of the fracture edges to which the Xray beam was tangent in the 140 fractures was calculated for each reader. The rate of feasibility of the scoring was calculated for each reader and compared according to patient's gender and age, fracture age, nailed vs. plated fractures, upper vs. lower limbs and proximal vs. distal bones by using a Chi 2 test. We performed a regression analysis to evaluate the influence of the aforementioned parameters considered as independent variables on the feasibility of the RUS by using stepwise regression analysis. The interobserver agreement was evaluated using intraclass correlation coefficients (ICC) for the assessability of the fracture edges, for the feasibility of the RUS feasibility as well as for RUS values. The intraobserver agreement for the RUS feasibility was evaluated for two radiologists using ICCs. The interobserver and intraobserver agreement were interpreted according to Landis and Koch [18] readers. Data were processed using a statistical software package (MedCalc version 11.6; MedCalc Software, Mariakerke, Belgium). For all tests, a P-value < 0.05 was considered as statistically significant.
Results
Assessability of the fracture edges on radiographs
The rate of assessability of the 560 fracture edges to which the X-ray beam was tangent on the anteroposterior and lateral radiographs of the 140 fractures ranged between 73% to 76% among radiologists and between 71% to 81% among surgeons (Table 1) . Non-assessability of the cortical segments was due to overlapping metal hardware in 79% to 95% and to overlapping cortical bone in 5% to 13% according to readers (Table 1) (Figs. 1-3 
Feasibility of a radiographic score
The radiographic scoring was feasible (more than two fracture edges assessable per fracture) in 59% to 69% of the 140 fractures according to the radiologists and in 58% to 75% according to the surgeons (Table 2 ). Interobserver agreement for the feasibility of the RUS was substantial for the radiologists, the surgeons and for all readers ( For all readers, the feasibility of the RUS was statistically significantly higher in nailed (90-97%) than in plated (31-56%) fractures (P < 0.001), in proximal (78-89%) than in distal (47-61%) bones (all P ≤ 0.01), and in lower (76-91%) than in upper (27-49%) limb fractures (P < 0.001) ( Table 2 ). The feasibility of the RUS did not vary with fracture age (all P ≥ 52), patient's age (all P ≥ 0.09) and gender (all P > 0.05). According to the logistic regression analysis, the unique parameter that had a statistically significant influence on the feasibility rate of the RUS was the type of stabilizing material (P < 0.001 for all readers). 
Interobserver agreement for cortical scorings and RUS values
Discussion
The current study addressing the limitations of radiography for the evaluation of healing of surgically treated long bone fractures demonstrated several findings. First, 19 to 29% of the 560 cortical segments on the AP and lateral radiographs of 140 long bone fractures were not assessable. In 79 to 95% of radiographic sets, overlapping metal hardware impeded the analysis of the fracture edges, while superimposed cortical bone from an adjacent bone prevented the assessability in only 5 to 13% of radiographic sets. This relatively high rate of non-assessability of the fracture edges could partially account for the previously mentioned limitations in the analysis of radiographs in clinical practice [17, 20, 21] . Table 2 Frequency (%) of feasibility of the RUS for three radiologists and three orthopedic surgeons in the entire series (140 fractures) and in fracture groups according to the type of stabilizing material, topography of bones and type of limb. The RUS was considered to be feasible when more than two cortical segments were assessable on the radiographs.
All
Type of material Location of bone Limb segment (n = 140) Nails (n = 63) Plates (n = 77) P Proximal (n = 45) Distal (n = 95) P Upper(n = 55) Lower(n = 85) P In our study, the radiographic score of fracture healing could be calculated in only 58% to 75% of the 140 fractures (at least three out of four cortical scores assessable). This number of three cortical scores is usually considered to be mandatory for data reliability because it is generally accepted that fracture healing is reached when cortical bridging of the fracture can be demonstrated in at least three of the four fracture edges on a radiographic set [4, 6] . Finally, the feasibility rate of the RUS was statistically significantly lower in plated than in nailed fractures, in distal than in proximal bones and in upper than in lower limb bones. According to logistic regression analysis, the type of surgical material (nails vs. plate) was the only parameter that had a statistically significant impact on the feasibility rate of the fracture scoring. The demonstrated limitation in the radiographic evaluation of fracture callus in plated fractures is inherent to the projection nature of radiographs and to the interaction between the X-ray beam and atoms with high atomic numbers found in fixation devices. Medullary nails are centrally located and therefore do not interfere with the projection of the most eccentrically located cortical segments to which the incident X-ray beam is tangent. On the other hand, plates are excentrally positioned on the cortical surface and may interfere with its visibility on radiographs depending on the width of the plate and of the plated bone.
R1
Our study has some limitations. First, it is a retrospective study with a limited number of patients. Second, AP and lateral radiographs were analyzed and we did not assess the values of additional oblique radiographic projections. Third, we used one scoring system that relies on callus evaluation [16] . The rate of assessability is unlikely to be influenced by the type of scoring systems because all radiographic scoring systems are based on the scoring of cortical segments to which the X-ray beam is tangent. Therefore, the assessability of the cortical segment is key to all scoring systems, independent from the analyzed parameters. Finally, the value of the scoring system to assess fracture healing was not addressed in the current study. The scoring system was only used as a surrogate to check the quality of the readings. Actually, the agreement between our readers was similar to that observed by other authors [11] [12] [13] [14] [15] [16] [17] .
In conclusion, the assessability of the fracture edges on the radiographs of long bone shaft fractures is frequently limited in plated but not in nailed fractures. As a consequence, the value of two orthogonal radiographs for the assessment of plated fractures must be questioned and the added value of oblique radiographs or of tomographic techniques should be addressed.
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